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Abstract
We demonstrate that elastic scattering between dark matter (DM) and baryons can affect
the thermal evolution of the intergalactic medium at early epochs and discuss the observa-
tional consequences. We show that, due to the interaction between DM and baryons, the
baryon temperature is cooled after decoupling from the CMB temperature. We illustrate our
findings by calculating the 21 cm power spectrum in coexistence with a velocity-dependent
DM elastic scattering cross section. For instance, for a DM mass of 10 GeV, the 21 cm bright-
nesstemperature angular power spectrum can be suppressed by a factor 2 within the currently
allowed DM-baryon cross section bounded by the CMB and large-scale structure data. This
scale-independent suppression of the angular power spectrum can be even larger for a smaller
DM mass with a common cross section (for instance, as large as a factor 10 for md ∼ 1
GeV), and such an effect would be of great interest for probing the nature of DM in view of
forthcoming cosmological surveys.
1 Introduction
The nature of dark matter (DM) is one of the greatest mysteries of modern cosmology. One can
infer its properties through its interactions with other visible objects. Even though conventional
DM models assume only gravitational interactions with ordinary baryonic matter, other forms of
couplings are not ruled out and deserve further study in view of the potential signals observable in
forthcoming experiments. DM-baryon interactions are of great interest for cosmology because the
DM-baryon coupling can modify the evolution of structure formation at early epochs, and stringent
constraints have been obtained from current data (e.g. CMB and Ly-α) for a wide variety of dark
matter models such as millicharged DM, dipole DM and strongly interacting DM [1, 2, 3, 4, 5, 6].
In this paper, we focus on the impact of the DM-baryon coupling on the temperature evolution of
DM and baryons and explore the consequences for the redshifted 21 cm signal from very early epochs.
1
In the standard cosmology, the baryon temperature Tb couples with the CMB temperature Tγ due
to Compton scattering via the small residual fraction of free electrons left over from recombination
down to a redshift zdec(∼ 200) while Tb subsequently cools adiabatically at lower redshift z . zdec.
On the other hand, the DM temperature Td decouples from Tγ at a much earlier stage of the
universe and Td is assumed to evolve adiabatically since then. The DM is hence “cold”, and Td is
much lower than Tb. Due to DM-baryon coupling, however, the baryons can be cooled by the DM
after the baryon temperature decouples from the CMB temperature. In order to probe this effect,
we consider the observations of redshifted 21 cm lines from neutral hydrogen during the dark ages
before reionization starts (20 . z . 1000). The signal of redshifted 21 cm lines depends on the
properties of baryon gas at high redshifts: including the density, the temperature and the ionization
fraction [7] (see refs. [8, 9] for recent reviews). The observations of redshifted 21 cm lines hence
can provide a probe of the thermal evolution of baryonic gas. There have been related paper s
investigating the 21 cm signal due to energy injection during the dark ages including the dissipation
of magnetic fields [10, 11], energy injection from primordial black holes [12, 13], and the decay or
annihilation of dark matter [14, 15]. Our study in contrast looks into the effects of elastic scattering
between the DM and baryons on the 21 cm signals by quantifying the change in the evolution of Tb
and Td due to DM-baryon coupling.
There are several on-going and planned projects to measure the redshifted 21 cm signals by
large interferometers such as the LOw Frequency ARray (LOFAR) [16], the Murchison Widefield
Array (MWA) [17], the Giant Metre-wave Radio Telescope (GMRT) [18] and Square Kilometer
Array (SKA)1. The purpose of this paper is to demonstrate the potential significance of DM-baryon
coupling on the 21cm observables and investigate the range of DM-baryon coupling for observational
feasibility.
We discuss, for simplicity, the case where cold dark matter accounts for the entire DM density,
and we calculate the 21 cm signal in the presence of DM-baryon coupling during the dark ages
before reionization starts 20 . z . 1000 for its observational feasibility. This suffices for our
purpose of quantifying the significance of DM-baryon coupling on future cosmological observables.
Throughout this paper, we adopt the standard ΛCDM model parameters: h = 0.7, h2Ωb = 0.0226
and Ωd = 0.112, where h is the present Hubble constant normalized by 100 km/s/Mpc and Ωb and
Ωd are the density parameters of baryons and DM.
2 Thermal evolution of baryons and DM with DM-baryon
coupling
We solve the Boltzmann equations to follow the background temperature evolution. The coupling
between baryons and DM induces momentum transfer between them, and the temperatures of DM
1http://www.skatelescope.org/
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and baryons, Td and Tb, evolve as [19]
(1 + z)
dTd
dz
= 2Td +
2md
md +mH
Kb
H
(Td − Tb), (1)
(1 + z)
dTb
dz
= 2Tb +
2µb
me
Kγ
H
(Tb − Tγ) +
2µb
md +mH
ρd
ρb
Kb
H
(Tb − Td), (2)
where µb ≃ mH(nH + 4nHe)/(nH + nHe + ne) is the mean molecular weight of baryons (including
free electrons, and H, He ions), and Kγ and Kb are the momentum transfer rates. Kγ represents
the usual Compton collision rate
Kγ =
4ργ
3ρb
neσT , (3)
where σT is the Thomson scattering cross-section. For Kb, we consider the general form of cross
section which can be velocity dependent parameterized by the baryon-DM relative velocity v
σ(v) = σ0v
n, (4)
so that the momentum transfer rate Kb becomes [6]
Kb =
cnρbσ0
mH +md
(
Tb
mH
+
Td
md
)n+1
2
. (5)
The spectral index n depends on the nature of DM models, for instance, n = −1 corresponds
to the Yukawa-type potential DM , n = −2,−4 are respectively for dipole DM and millicharged
DM [3, 4, 5, 6, 20, 21, 22, 23, 24, 25, 26]. The constant coefficient cn depends on the value of n and
also can include the correction factor for including the helium in addition to hydrogen. cn can vary
in the range of O(0.1 ∼ 10) for the parameter range of our interest [6] and we simply set cn = 1 in
our analysis, which suffices for our purpose of demonstrating the effects of the DM-baryon coupling
on the 21cm observables2.
We solve Eqs. (1) and (2) with Tγ = T0(1 + z), where T0 = 2.73 K, numerically. In the early
stage of the universe, it is well-known that the baryon temperature is tightly coupled with the CMB
temperature, Tb ∼ Tγ . Similarly, for a sufficiently large Kb, the difference between Td and Tb can
become small in the early universe. To numerically calculate the evolution accurately in both of these
tight coupling regimes, it is useful to expand Eqs. (1) and (2) up to the first order in the temperature
differences as performed in Ref. [29]. For this purpose, we introduce two heating time-scales due
2We in this paper use the conventional cross section for the momentum transfer [5, 6, 27, 28], which is the
integration of the differential cross section weighted by (1− cos θ)
σ(v) =
∫
d cos θ(1− cos θ)
dσ(v)
d cos θ
(6)
The weight factor (1 − cos θ) is introduced to consider the longitudinal momentum transfer and it can regulate
spurious infrared divergence for the forward scattering with no momentum transfer corresponding to cos θ → 1.
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to Compton scattering and DM-baryon coupling, tC = me/2µbKγ and tDB = (md +mH)/2mdKb,
and we classify the thermal evolution in the early universe in three cases. The first is the case with
HtC ≪ 1 and HtDB ≪ 1, that is, Tb and Td are tightly coupled with Tγ. The second case is for
HtC ≪ 1 and HtDB > 1, in which only Tb is tightly coupled with Tγ . The third is for HtC > 1
and HtDB ≪ 1 (which corresponds to z . zdec for the parameter range of our interests as explicitly
shown below).
2.1 Regime I: HtC ≪ 1 and HtDB ≪ 1
When HtC ≪ 1 and HtDB ≪ 1, the difference among Tb, Td and Tγ would be very small, and we
can expand Tb and Td as
Tb = Tγ − ǫγ , (7)
Td = Tb − ǫb, (8)
where |ǫγ |/Tγ ≪ 1 and |ǫb|/Tb ≪ 1. We also assume that ǫγ/Tγ and ǫb/Tb are of the same order as
HtC and HtDB.
Substituting Eq. (7) into Eq. (2), we obtain up to first order in ǫb
ǫb
Tγ
= HtDB, (9)
where we used Tγ ∝ (1 + z). Because the coefficient 1/Ht≫ 1 is very large, we treat dǫ/dz = 0 so
that dTd/dz = dTb/dz = dTγ/dz at first order. Similarly ǫγ is given by
ǫγ
Tγ
=
(
1 +
1
f
)
HtC , (10)
where f is f = mdΩb/µbΩd.
With these approximations at hand, in terms of ǫγ and ǫb, the time evolutions of the temperature
can be rewritten as
dTb
dz
≈
Tγ
1 + z
− ǫγ
(
1
1 + z
+
d lnH
dz
+
d ln tC
dz
)
, (11)
dTc
dz
≈
Tγ
1 + z
− ǫγ
(
1
1 + z
+
d lnH
dz
+
d ln tC
dz
)
− ǫb
(
1
1 + z
+
d lnH
dz
+
d ln tDB
dz
)
, (12)
where we assume that f is constant3. The evolutions of Tb and Td are obtained by solving Eqs. (11)
and (12) with Eqs. (9) and (10).
3Since f depends on the ionization rate through µb, this assumption is invalid during the epochs of recombination
and reionization. We, however, checked that, even though the evolution of f itself is not negligible, its effects on the
temperature evolution is negligible even during these epochs.
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2.2 Regime II: HtC ≪ 1 and HtDB > 1
Although the DM temperature Td decouples from the baryon temperature Tb, Tb still couples with
Tγ . We hence can assume that
Tb = Tγ − ǫγ , (13)
with |ǫγ |/Tγ ≪ 1.
Eq. (2) provides to first order in ǫγ
ǫγ
Tγ
= HtC +
tC
ftDB
(
1−
Tc
Tγ
)
. (14)
The redshift derivative of Tb can then be approximated as
dTb
dz
≈
Tγ
1 + z
−
Tγ
1 + z
HtC − TγtC
dH
dz
− TγH
dtC
dz
−
d
dz
[
Tγ
tC
ftDB
(
1−
Tc
Tγ
)]
. (15)
We numerically calculate the thermal evolution of Tb and Td from Eq. (15) along with Eq. (1).
2.3 Regime III: HtC > 1 and HtDB ≪ 1
In this case, while the baryon temperature Tb is already decoupled from the CMB temperature Tγ ,
the dark matter temperature Td is coupled to Tb. We can write the dark matter temperature as
Td = Tb − ǫb, (16)
with |ǫb|/Tb ≪ 1. From Eqs. (1) and (2), we obtain to first order in ǫb and HtDB,
ǫb = −
(
1 +
1
f
)
−1
tDB
tC
(Tb − Tγ) . (17)
Therefore, in this tight-coupling regime, the evolution of Td can be approximated as
dTd
dz
≈
dTb
dz
− ǫb
[
d ln tDB
dz
−
d ln tC
dz
+
1
Tb − Tγ
(
dTb
dz
−
Tγ
1 + z
)]
. (18)
On the other hand, the evolution of Tb can be written as
(1 + z)
dTb
dz
≈ 2Tb +
(
1 +
1
f
)
−1
1
HtC
(Tb − Tγ). (19)
Since f ∝ md/mH, the change of Tb due to the DM-baryon coupling becomes bigger for a bigger
md (with a fixed Ωd), and, in the limit of md ≫ mH, the baryons and DM can be described as a
single gas. In such a tight coupling limit with md ≫ mH, the total number density of the DM-
baryon mixed gas does not change from that of the baryon gas, and the evolution of Tb along with
a large md is similar to the Tb evolution without the DM-baryon coupling. In other words, a small
md (≪ mH) leads to a significant increase of the total number density of the mixed gas, and the
Compton cooling term to couple Tb to Tγ effectively becomes small. Hence, for a smaller md, the
deviation of Tb ≈ Td from Tγ with the DM-baryon coupling becomes bigger compared with the
deviation of Tb from Tγ without DM-baryon coupling.
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3 Numerical results for DM and baryon temperature evo-
lution
Following the previous section on numerical treatments of tight coupling regimes, we numerically
calculate the DM and baryon temperatures, Td and Tb, modifying the public code RECFAST [30].
Before presenting the results with different couplings between DM and baryons, we note that there
exist strong constraints on this DM-baryon coupling notably from the CMB and large-scale structure
due to the suppression of the matter density perturbations where the DM perturbation growth is
suppressed because of the drag force arising from the momentum transfer between the DM and
baryon fluids [2, 6, 31, 32]. For instance, small-scale observations (Lyman-α forest) by SDSS and
the CMB data by Planck can set upper bounds on the coupling between DM and baryons of order
σ0/md . 10
−17,−9,−6,−3,+4 cm2/g for n = −4,−2,−1, 0,+2 [6]. For the purpose of presenting our
findings through a concrete example, in the following we discuss the scenarios of n = −4 (typical for
a millicharged DM scenario [4, 5, 20, 21, 23]) because a large negative power leads to a prominent
enhancement in the cross section for a smaller momentum transfer at low redshift. We found, for
the scenarios with n = −2,−1, 0,+2, that the DM-baryon coupling cannot lead to any appreciable
change in the 21 cm power spectrum within the aforementioned cross-section upper bounds from
the currently available data.
Fig. 1 represents the temperature evolution with n = −4 for different values of σ17, where
we normalized the coupling constant as σ0 = σ17mH × 10
−17 cm2/g. To demonstrate the mass
dependence, we simply show the results for md = mH and 10mH in Fig. 1 for different values of
DM-baryon coupling. At high redshifts, z > zdec, Tb is tightly coupled to Tγ (Tb ≈ Tγ , and hence
the thermal evolution can be described with the treatment in in Sec. 2.2 where Td ∝ 1/tDB). It is
consequently difficult to find any difference between the evolution of Tb for the different couplings
in Fig. 1 at high redshift. Note, however, that Td deviates from Tb ≈ Tγ at high redshifts. In the
presence of DM-baryon coupling, the DM thermal evolution is not adiabatic and is determined by
the balance between the adiabatic cooling and the heating due to the coupling. We can infer, by
substituting Tb ≈ Tγ in Eq. (1), that DM evolution follows Td ∼ Tγ/tDBH . More precisely, from
Fig. 1, we numerically find that the DM temperature is well approximated by the fitting formula
Td ≈ Tγ/1.5tDBH . The time-scale tDB is proportional to (md + mH)
2/σ17md. When md ≫ mH,
tDB ∝ md which results in Td ∝ 1/tDB ∝ 1/md, and Fig. 1 indeed shows that Td is larger for a
smaller md.
Let us here note that the DM-baryon momentum transfer rate Kb given in Eq. 5, hence the
thermal evolution at high redshifts, turns out to be heavily dependent on Tb but not so much
on Td, where the temperature dependence of Kb shows up in the factor (Tb/mH + Td/md). For
md ≫ mH, (Tb/mH + Td/md) ∼ Tb/mH to leading order in mH/md. For md ≪ mH on the other
hand, Td ∼ 1/tDB ∼ md and the md dependence cancels out in Td/md
4.
4Consequently, because the baryon temperature never exceeds the cold dark matter temperature, this factor
(Tb/mH+Td/md) would be at most of order ∼ 2×Tb/mH saturated at md ∼ mH. We hence expect the upper bound
σ0 . 10
−16mH cm
2/g (corresponding to σ17 = 10 in our notation) which Ref. [6] obtained for md = 10 GeV would
not become significantly tighter even for a smaller dark matter mass. We therefore restricted the parameter range
of our discussion to be σ17 ≤ 10 and presented the results for md = 10, 1 GeV, which would suffice our purpose of
6
At low redshifts after Tb has decoupled from Tγ , z . zdec, the coupling between baryons and
dark matter affects the temperature evolution of baryons. The baryons become cooler through the
DM-baryon coupling because Td < Tb as compared with no-coupling scenarios. Sufficient coupling
can make the temperatures of baryons and DM equal. Once they match each other, the coupling
term in the Boltzmann equations (∝ (Tb − Td)) reaches effectively zero and the thermal evolution
becomes adiabatic, that is, Tb and Td are proportional to (1 + z)
−2 because the DM and baryons
have the same adiabatic index. Since we set n = −4 for the velocity-dependence of the coupling,
the coupling strength becomes bigger for a smaller momentum transfer at a smaller redshift. The
evolution of Tb is modified at lower redshifts even for a small σ17 for md = mH in the left panel.
We find, however, that, when σ17 < 0.001, the baryon temperature does not couple with the dark
matter temperature even at lower redshifts and its evolution is similar to the case without the
coupling. The DM-baryon coupling term for the baryon temperature evolution, which appears in
Eq. (2), becomes small with increase of md, as confirmed in Fig. 1.
For a sufficiently large value of DM-baryon coupling (in our example, for σ17 > 10), the DM
temperature is well coupled with the baryon temperature, and Td ≈ Tb is established even around the
epoch when the baryon temperature starts to decouple from the CMB temperature. The evolution
in this regime corresponds to the tight-coupling case discussed in Sec. 2.3 where a small DM mass,
due to a small Compton coupling between Tb and Tγ, leads to the early decoupling of Tb ≈ Td from
Tγ . The difference of the baryon temperature evolution from the no DM-baryon coupling scenarios
hence becomes bigger for a smaller DM mass.
Finally it is worth mentioning the case in the limit of md ≪ mH. At high redshifts z > zdec, the
time scale tDB is proportional to 1/md, and the DM temperature Td ∝ 1/tDB which decreases as
md becomes small.
The DM-baryon coupling term in Eq. (2) does not become small in the limit of md ≪ mH, in
contrast to md ≫ mH case, and, in fact, becomes independent of md with only its dependence on
σ0. Hence the baryon temperature can be dragged to the lower dark matter temperature, and one
finds that the change in the Tb evolution is bigger for a smaller md.
4 The evolution of 21 cm signals with DM-baryon coupling
The DM-baryon coupling can affect the evolution of the baryon temperature as shown in the previous
section, and the measurement of baryon temperature in the dark ages, in particular during 20 <
z < zdec, could well reveal the nature of DM. The measurement of redshifted 21 cm lines from
neutral hydrogen is expected to be a good probe of baryon gas in the dark ages. The strength of
the emission or absorption of the 21 cm lines depends on the density, temperature and ionization
fraction of baryon gas.
The observational signals of redshifted 21 cm lines are measured as the difference between the
brightness temperature of redshifted 21 cm signals and the CMB temperature. This differential
showing the potential significance of the DM-baryon coupling on the 21 cm signals.
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Figure 1: The baryon and dark matter temperature evolution for different values of DM-baryon
coupling (the DM-baryon elastic scattering cross section is parameterized as σ = σ0v
−4, with
σ0 = σ17mH10
−17cm2/g). We set md = mH in the left panel and md = 10mH in the right panel. The
solid and dotted lines represent the baryon and dark matter temperatures, respectively. The CMB
temperature is plotted as the dashed line. The magenta, red, green and blue lines are for σ17 = 0.01,
0.1, 1.0 and 10 respectively. The black solid line shows the baryon temperature evolution without
DM-baryon coupling (σ17 = 0).
brightness temperature is given by
δTb(z) = [1− exp(−τ)]
Ts − Tγ
1 + z
, (20)
where τ is the optical depth and Ts is the spin temperature. The spin temperature describes the
number density ratio of hydrogen atoms in the excitation state to those in the ground state, and is
given by [33, 34]
Ts =
T∗ + Tγ + ykTb
1 + yk
, (21)
where T∗ is the temperature corresponding to the energy of hyperfine structure of neutral hydrogen
and yk represents the kinetic coupling term given by
yk =
T∗
ATb
(CH + Ce + Cp), (22)
where A is the spontaneous emission rate and CH, Ce, and Cp are the de-excitation rates of the
triplet due to collisions with neutral atoms, electrons, and protons [8]. For these rates, following
Ref. [35], we adopt the values from Refs. [8, 36]. Since we are interested in the signals from the dark
age, we neglect the Lyman-α coupling (Wouthysen field effect) term [33, 37] in Eq. (21), which is
ineffective without luminous objects.
We show the evolution of Ts for different DM-baryon coupling values in Fig. 2. As one can
expect from Fig. 1, the difference from the case without the coupling is larger for md = mH than
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Figure 2: The spin temperature evolution for different values of DM-baryon coupling. The solid,
dotted and dashed lines represent the spin, baryon and CMB temperatures, respectively. We set
md = mH in the left panel and md = 10mH in the right panel. The magenta, red, green and
blue lines are for σ17 = 0.01, 0.1, 1.0 and 10 respectively. The temperatures evolution without
DM-baryon coupling (σ17 = 0) is plotted in black.
for md = 10mH. The 21 cm signals depend on Ts, and we hence can expect the redshift evolution
of the differential brightness temperature also depends on σ17.
Measurements of cosmological 21 cm signals will be performed by interferometers such as LOFAR
and SKA which can measure the fluctuations in the differential brightness temperature. The angular
power spectrum of δTb is given by
Cℓ(z) = δT
2
b0
∫
dk k2∆221,ℓ(z, k)P (k), (23)
where ∆21,ℓ is the transfer function for the 21 cm fluctuations, P (k) is the power spectrum of
the primordial curvature perturbations and δTb0 is the value of the differential 21cm brightness
temperature which can be approximated by [38]
δTb0 ≈ 26 mK xH
(
1−
Tγ
Ts
)(
h2Ωb
0.02
)[(
1 + z
10
)(
0.3
Ωm
)]
. (24)
In this paper, since we consider the effect of the coupling between baryons and dark matter
on the temperature evolution, we focus only on the modification of δTb0 due to the coupling. We
ignore the effect of the DM-baryon coupling on the evolution of the density fluctuations [6, 2].
Therefore, the transfer function ∆21,ℓ, which we calculate by using CAMB [35], is the same as that
in the standard ΛCDM model.
We show the dependence of the angular power spectrum Cℓ(z) on DM-baryon coupling in Fig. 3.
According to Eq. (24), the evolution of δTb0 depends on the spin temperature shown in Fig. 2.
The coupling between baryons and dark matter lowers the baryon temperature. Therefore, the
kinetic coupling term for the hyper-fine structure in Eq. (21) becomes small due to the low baryon
temperature. The spin temperature then quickly approaches the CMB temperature for z . 50,
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which results in a smaller amplitude of Cℓ compared with the no coupling case. For instance, for
σ17 < 0.1 with md = mH, the amplitude of Cℓ is suppressed by 1/10 (see the red and magenta
lines in the left panel of Fig. 3). As the coupling increases, the dark matter temperature becomes
larger and approaches the baryon temperature as shown in Fig.1. Fig. 3 indeed shows that the
amplitudes are comparable, except in the small coupling case (σ17 = 0.01). The behavior for this
small cross-section is due to the fact that Tb turns out not to couple with Td at high redshifts
z > 50 due to the small coupling. As Tb becomes smaller at lower redshifts, however, the coupling
can become more effective due to the enhancement for small momentum transfer. Fig. 3 confirms
our expectation that the effects of DM-baryon coupling on the Tb evolution becomes small as md
increases (as mentioned at the end of §2.3).
Note that, while the amplitude of Cℓ is suppressed due to the coupling between baryons and
dark matter at a low redshift (z . 40), it is amplified at a high redshift (z & 50). This is because,
at high redshifts, the kinematic coupling term in Eq. (21) is significant and the spin temperature
is tightly coupled with the baryon temperature. The deviation of the spin temperature from the
CMB temperature hence becomes large and Cℓ is consequently amplified at high redshifts.
Let us also comment on Cℓ when md is smaller than mH. As mentioned in Sec. 3, the baryon
temperature is strongly dragged to the dark matter temperature which becomes small with decreas-
ing md. Therefore, the kinetic coupling term is small for a small md and the spin temperature has
a tighter coupling with the CMB temperature. This tight coupling causes the strong suppression
of Cℓ, according to Eq. (24). As a result, when md ≪ mH, the suppression due to the coupling is
significant even at large redshifts.
5 Discussion and conclusion
Before concluding our studies on 21 cm signals, let us briefly mention other relevant observables
which could potentially be affected by the change in the background temperature evolution because
of the DM-baryon coupling.
Epoch of recombination and CMB anisotropies: If the baryon temperature changes around
the epoch of recombination, the last scattering surface could be modified and this modification can
produce a footprint on the CMB temperature anisotropies. We evaluate the ionization fraction for
different σ17 and plot the results in Fig. 4. We found, since the baryon temperature is strongly cou-
pled with the CMB temperature around these redshifts (see Fig. 1), the dark matter cooling cannot
decrease the baryon temperature enough to modify the epoch of recombination. Therefore, the
coupling between baryons and dark matter cannot produce a observable signature in the primordial
CMB anisotropies.
At lower redshifts, when the baryon temperature decouples from the CMB temperature, the
dark matter cooling could affect the thermal evolution of baryons. Since the baryon temperature
is dragged to lower temperature, the residual ionization fraction becomes small. It is, however,
difficult to measure such small residual ionization fraction by cosmological observations.
CMB distortions: Precise measurements of CMB spectral distortions from the blackbody
spectrum can be a promising probe of thermal history of the Universe (see Ref. [39] for a recent
review). Generally CMB distortions can be classified into two types [40, 41]. One is the µ-type
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Figure 3: The evolution of the angular power spectrum Cℓ for different values of DM-baryon cou-
pling. We set md = mH and 10mH in the left and right panels, respectively. In both left and right
panels, the redshifts are set to z = 40, 30 and 20 from the top to bottom, respectively.
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Figure 4: The evolution of the ionization fraction for different values of DM-baryon coupling.
distortion which is generated between z ∼ 106 and z ∼ 104. The other is the y-type distortion
which is produced after the epoch of the µ-type distortion generation (z . 104).
The difference in the adiabatic indexes between baryons and CMB photons can create CMB
distortions [42]. Because the baryon temperature is always lower than the CMB temperature, the
energy of the CMB photons is transferred to baryons via Compton scatterings. This energy transfer
modifies the CMB frequency spectrum and we can observe this modification as CMB distortions.
Following Ref. [42], in order to evaluate the CMB distortions due to this baryon cooling, it is useful
to define the parameter YBEC as
YBEC = −
∫
dz
(
1−
Tb
Tγ
)
kBσT
mec
neTγ
(1 + z)H
. (25)
For example, the y-parameter which characterizes the y-type distortion is obtained by y = −YBEC.
We evaluated YBEC for different values of σ17. We find that YBEC becomes at most O(10
−9) for
the parameter range of interest, 10−3 < σ17 < 10
2, while YBEC is on the order of 10
−10 without the
coupling between baryons and dark matter. The value of YBEC corresponds to µ ∼ 10
−9 for the µ-
type distortion and y ∼ 10−9 for the y-type distortion. Because the Silk damping of the primordial
density perturbations produces µ ∼ 10−8 [43, 44] and the reionization process gives y ∼ 10−7 [45],
it would be difficult to find the signature of the coupling between baryons and dark matter in the
CMB distortions.
We have demonstrated that DM-baryon coupling can affect the background temperature evolution
and consequently the 21 cm signal. Our specific example, the velocity-dependent elastic scattering
cross-section, would be also of great interest for particle physics studies because of its infrared en-
hancement for a low momentum transfer, which has been explored for potential signals beyond the
standard model at collider and dark matter search experiments [21, 23, 24, 25, 26]. Such probes of
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the dark matter properties from both cosmology and particle physics deserve further study in view
of forthcoming experiments which can explore the nature of the DM coupling to ordinary baryons.
We have shown that the 21 cm signal is suppressed due to the existence of DM-baryon coupling,
and it would certainly be useful to provide further constraints on DM-baryon coupling. For instance,
we have found that the 21 cm brightness temperature angular power spectrum can be suppressed by
a factor 2 for md = 10 GeV within the current bounds from the CMB and Ly−α data. This overall
suppression can even be larger for a smaller dark mass with a fixed cross-section, for instance of
order a factor 10 for md = 1 GeV. We have however found that the degree of further suppression
becomes milder for an even smaller md ≪ mH, partly because the temperature dependence of
the DM-baryon momentum transfer rate Kb on the dark matter mass saturates at md ∼ mH and
becomes independent of md for md ≪ mH.
We plan to explore the effects of DM-baryon coupling on the evolution of fluctuations in future
work where one needs extra care in the treatment of non-linearities. Some simplifications made in
our analysis would also deserve further study. For instance, we considered only the thermal velocity
and did not include the peculiar velocity contributions in estimating the DM-baryon momentum
transfer rate. Even though the inclusion of such bulk velocity contributions does not always change
the constraints on the upper bounds on the allowed DM-baryon scattering cross sections, there
are cases where the cross-section constraints could get tighter (possibly even by a factor 10) even
though more detailed numerical analysis is needed because of the uncertainties caused by non-linear
evolution [6].
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